Introduction
Optical fibers and fiber amplifiers have sparked an unparalleled growth in telecommunications and what is being recognized as a revolution in Optics. In fact, with the fine work by others on high repetition rate ultrafast fiber lasers, it is possible that these devices will also be an important factor in the telecommunications arena. However, what will be the impact of optical fibers and fiber amplifiers in nontelecomm applications? 1 nis development of advanced fiber amplifier technology over the last couple of years has greatly favored the implementation of fiber lasers as a generic replacement of conventional solid state lasers. Compared to solid state lasers, fiber lasers offer a unique potential for integration and miniaturization without any compromise in performance, allowing the implementation of complex laser processing functions in real-world applications that have previously not been accessible to solid-state lasers. This is particularly true in the area of ultrafast lasers .. The dominant source of these femtosecond pulses has been mode-locked Ti:sapphire lasers , and for higher pulse energies, regenerative amplifiers. Recently, important commercial applications for femtosecond technology have been developed . It is clear that these solid-state lasers can not meet the reliability criteria for most commercial applications . It is also clear that these lasers can not meet in the future the cost scaling for large volume applications in the future. In this paper we will review the technology behind turnkey ultrafast fiber sources that have been developed particularly to meet the reliability criteria for commercial applications of ultra-fast optics. We will then present our more recent results showing that ultrafast fiber laser technology meets or surpasses the performance from ultrafast solid state laser technology.
Femtosecond
fiber lasers In terms of components and structure, the fiber laser is near identical to that of a fiber amplifier in a telecomm system. However, in terms of function there is a distinct difference. Presently in telecomm systems nonlinear optical processes are avoided to maintain the simplicity of the system, whereas in ultrafast fiber lasers nonlinear optics is extensively used to obtain reliable, low-noise operation. Figure 1 illustrates the layout of our Femtolite fiber laser.1 In this laser we use a total of nine nonlinear optical steps . In the oscillator there is saturable absorption, 2-photon absorption, gain saturation, nonlinear polarization rotation and soliton propagation. In the amplifier, there is Raman self-frequency shift, 2nd order soliton formation, gain saturation and soliton compression.
The output of this laser after frequency doubling is 10-25 mW at 780 nm with 100-180 fs pulses. This power is insufficient for some commercial ultrafast applications.
To get to higher powers we have switched erbium-doped fiber to ytterbium doped fiber. Part of the limitation in power is the pump diode power. Ytterbium is extremely efficient with up to 70% overall efficiency. Also, the dispersion at around the 1 gm gain wavelength is more suitable for higher power. This will be explained in more detail later. Figure 2 is a block diagram of our Wattlite. The source of 1.5 gm femtosecond pulses is our Femtolite. In addition to the nine nonlinear optical steps in the Femtolite there is an additional 6 nonlinear optical steps. It is interesting how nonlinear optics is balanced to make this laser even quieter than the Femtolite. The 1.5 gm pulses from the Femtolite are frequency shifted to 2 .1 gm by Raman self frequency shift. The amount of frequency shift is High Power Ultrafast Fiber Laser Results Recently there has been rapid advancement in the output power from fiber lasers. By implementing double-clad fiber amplifier designs, fiber lasers can be pumped with widely power-scalable diode lasers providing for fiber laser output powers up to the 100 W range in cw operations. By implementing our large core amplifiers and chirped pulse amplification, we have been able to obtain 13 Watts out in a 5 ps pulse and 6.5 Watts after compression in a 100 fs pulse. 6 The diagram of the set-up is shown in Figure 3 . In addition to compression with a grating compressor, pulse compression was demonstrated in chirped PPLN to generate 250 mw 100 fs pulses in the green. The limitation in these experiments are the pump diodes. We believe this amplifier can be scaled to the 100 watt power level with the proper pump diodes and more stretching to limit the peak pulse energy. Conclusions Our fiber oscillators demonstrate that ultrafast lasers now exist that meet the reliability and size constraints of most commericial applications. With one additional amplification stage the power and energy can be increased to meet almost all proposed commercial applications. We are seeing the ultrafast technology is finally meeting its promise to have a large impact on our society. 
